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[57] ABSTRACT 

A method and system for modeling the behavior of a circuit 
are disclosed. A list specifying a plurality of transistors 
within the circuit and interconnections between the plurality 
of transistors is provided. Each fan node within the circuit is 
identified, where a fan node is defined as a point of inter- 
connection between two or more of the plurality of transis- 
tors from which multiple nonredundant current paths to 
power, ground, or an input of the circuit exist. A fan node 
equation set is constructed that expresses a logical state of 
each fan node of the circuit in response to various transistor 
gate signal states. In addition, an output node equation is 
constructed that expresses a logical state of an output node 
of the circuit in terms of selected fan node logical states and 
specified transistor gate signal states. In response to receipt 
of a set of states of inputs to the circuit, a logical state of the 
output node is determined utilizing the fan node equation set 
and the output equation in order to model behavior of the 
circuit. 

18 Claims, 11 Drawing Sheets 
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METHOD AND SYSTEM FOR MODELING Although it is known in the art to automatically generate a 

THE BEHAVIOR OF A CIRCUIT logical fault model of a VLSI integrated circuit from a 

circuit netlist, such logical fault models typically employ a 

BACKGROUND OF THE INVENTION complex set of heuristics to determine equations which 

1 Technical Field s re P resent integrated circuit behavior. Because of the com- 

The present invention relates in general to a method and P*?* , of , the circuit analysis performed by conventional 

, % -t i • . . • t ■ * a - automatic logical fault model generators, the application of 

system for modeling the behavior of a circuit and in par- . ° A 4 . j i 

J t , *i_ j j * p *• conventional automatic logical tault model generators to 

ticular to a method and system for generating a logical fault ? . _ ,f r - 

, , c . , * j • •* c*n i i tu custom-design integrated circuits including millions of tran- 

model of an integrated circuit. Still more particularly, the . . 6 & . . . t , 6 . . 

° , . t ..j j , „ r ' A 10 sistors is too computation-intensive to be practical. 

present invention relates to a method and system lor mod- . , , , . • j LJJ 

eling the behavior of a circuit, which automatically generate As should thus be apparent, an improved method and 

a compact logical fault model of an integrated circuit from svstem for generating a fault mode for a VLSI integrated 

a circuit netlist description. ckcuit * nccded which automatically generates a compact 

I™ f*u D i t JA^ logical fault model of a VLSI integrated circuit from an 

2. Description of the Related Art 1C . 6 . . . v . 

\. , , „ „ , r ^ , T 4 . . is input circuit netlist. 
A state-of-the-art VLSI (Very Large Scale Integration) 

integrated circuit, such as a microprocessor, can include SUMMARY OF THE INVENTION 

between several hundred thousand and several million {{ fc therefore one object of me present mven tion to 

transistors, as well as other circuitry, all formed within a ide a method and system for modeling the behavior of 

semiconducting substrate. Conventionally, VLSI integrated ^ a c j rcu [ t 

circuits hive been designed utilizing a Jjbook - library" & q{ ide & 

approach in which an integrated circuit is subdivided mto a ^ J ft ^ of an 

number of functional blocks. The circuit designer then . 3 & & 6 

selects circuit "books" within the design library, which each integrated circuit. 

contain a limited number of transistors, to perform the 25 It is yet another object of the present invenUon to provide 

functions of corresponding functional blocks within the a method and system for modeling the behavior of a circuit, 

integrated circuit. Utilizing the book library design meth- which generate a compact logical fault model of an inte- 

odology is rapid and economical because books within the g rated circuit from a circuil netlisl description, 

design library can be utilized numerous times within a The foregoing objects are achieved as is now described, 

particular integrated circuit and reused in the design of other 30 A method and system for modeling the behavior of a circuit 

integrated circuits. A further advantage of the conventional are disclosed. A list specifying a plurality of transistors 

book library approach is that the behavior of the integrated within the circuit and interconnections between the plurality 

circuit can easily be modelled because the fault model for of transistors is provided. Each fan node within the circuit is 

each book in the design library is known. Thus, the com- identified, where a fan node is denned as a point of inter- 

posite fault model for an integrated circuit design can be 35 connection between two or more of the plurality of transis- 

obtained simply by combining the individual fault models tors from which multiple nonredundant current paths to 

for the books incorporated within the integrated circuit power, ground, or an input of the circuit exist. A fan node 

design. equation set is constructed that expresses a logical state of 

Although the conventional book library design method- each fan node of the circuit in response to various transistor 

ology provides a relatively rapid and automated method for 40 S ale si S nal states - ^ additi ° n ' an ° Utput f 6 * equaUon J S 

integrated circuit design, the conventional book library constructed that expresses a logical state of an output node 

approach does not provide the integrated circuit optimiza- of the circuit in terms of selected fan node logical states and 

tion required to achieve the increasingly aggressive timing specified transistor gate signal states. In response to receipt 

and functional goals of state-of-the-art VLSI integrated of a set of 'states of inputs ;to the circuity ^a logical state of the 

circuits. Accordingly, fully custom designs are now fre- 45 output node is determined utilizing the fan node .equation set 

quently utilized in order to maximize integrated circuit and ^ 0Ut P ul «P»*> n 10 order to model behavi0r of lhe 

performance and minimize the semiconductor die area circuit. 

required to implement the design. Currently, facilities that The above as well as additional objects, features, and 

allow integrated circuit designers to develop custom circuit advantages of the present invention will become apparent in 

designs at the transistor level or in a hierarchical circuit 50 the following detailed written description, 

description are provided in commercially available VLSI BRIEF DESCRIPTION OF THE DRAWINGS 
design tools. VLSI design tools permit a circuit designer to 

perform circuit simulation and optimization to accomplish a The novel features believed characteristic of the invention 

custom design based upon a schematic entry of the compo- are set forth in the appended claims. The invention itself 

nents and interconnections within the integrated circuit. 55 however, as well as a preferred mode of use, further objects 

Furthermore, some VLSI design tools advantageously and advantages thereof, wiU best be understood by reference 

include facilities for testing the reliability and accuracy of to the following detailed description of an illustrative 

the integrated circuit design. embodiment when read in conjunction with the accompa- 

Cbnventionally, testing an integrated circuit requires the n y in S drawings, wherein: 

construction of a logical fault model of the integrated circuit 60 HC 1 illustrates an illustrative embodiment of a data 

and the generation of a minimal set of test patterns to processing system which can be utilized to implement the 

stimulate the circuit such that detectable faults can be present invention; 

exercised. Logical fault models are utilized since the number FIG. 2 depicts a high-level block diagram of the system 
of possible different failures within the integrated circuit unit of the data processing system illustrated in FIG. 1; 
makes individual analysis of failures infeasible. Thus, fail- 65 FIG. 3 illustrates an exemplary integrated circuit sche- 
mes are grouped together according to the logical effect of matic from which a logical fault model is generated in 
the faults on the functionality of the integrated circuil. accordance with the present invention; 
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FIG. 4 depicts a current flow diagram of the integrated hard disk 42, which is coupled to processors 30 via disk 

circuit schematically represented in FIG. 3; controller 40 and system bus 38. System unit 12 also 

FIG. 5 illustrates a pictorial representation of a tree data includes communication adapter 46 through which multiple 

structure which is utilized in accordance with a preferred nodes 14 can 10 s y? tem resources available within 

embodiment of the present invention to derive a fan node 5 system umt 12. Communication adapter 46 preferably 

equation set and an output node equation representative of m ^ d . es r a ? bU ? by ^ ,C ^Tw l ^ Can ^r lUmCat - e 

*i? r i* l l • c *L * * ?a • u *• n with toe Internet and World Wide Web. As will be appreci- 

the fault behavior of the integrated circuit schematically ated by ^ [n ^ ^ system ^ n 

represented in HG. 3; additional hardware coupled to system bus 46 that is not 

FIG. 6 depicts a logical fault model of the integrated necessary for an understanding of the present invention and 

circuit schematically illustrated in FIG. 3, which was gen- 10 ^ accordingly omitted for simplicity, 

erated in accordance with the present invention; With reference now to FIGS. 3-6, there are illustrated 

FIGS. 7 A and 7B illustrate a circuit having a precharged several figures which depict through an analysis of an 

output node and a circuit without a precharged output node, exemplary circuit the method for generating a logical fault 

respectively, for which different logical fault models are model of a VLSI integrated circuit in accordance with the 

generated in accordance with the present invention; present invention. Referring first to FIG. 3, there is illus- 

F1GS. 8A-8C are flowcharts which together depict a trated a schematic representation of an integrated circuit for 

preferred embodiment of a method for generating a logical which the logical fault model is to be generated. As 

fault model of an integrated circuit in accordance with the illustrated, integrated circuit 50 includes nine transistors, 

present invention; ^ labelled Q1-Q9, which are interconnected to form nodes A, 

FIG. 9 illustrates a schematic representation of a circuit in B, C, D, E, and G. Inputs to circuit 50 comprise the gate 

which circuit elements within feedback paths are eliminated signals for each of transistors Q1-Q9, which are labelled 

for the purposes of logical fault model generation in accor- gl-g9, respectively; circuit node A is the output node of 

dance with the present invention; and circuit 50 - As is further depicted in FIG. 3, circuit node G 

FIG. 10 depicts a schematic representation of a circuit 25 P rovides tbe electrical ground for circuit 50. 

including both an output and a gate control node, wherein Referring now to FIG. 4, there is depicted a current flow 

the overall logical fault model for the circuit is derived in diagram of circuit 50, which illustrates the direction of 

accordance with the present invention by subdividing the current flow through each of transistors Q1-Q9. The span 

circuit and analyzing the output and gate control nodes between each circuit node illustrated in FIG. 4 is labelled 

individually. 30 tbe appropriate gate signal, which if active permits 

current to flow in the indicated direction through the asso- 

DETAILED DESCRIPTION OF PREFERRED ciated circuit span. By convention, current is taken to flow 

EMBODIMENT fr 0m circuit output node A to ground node G, resulting in a 

With reference now to the figures and in particular with "negative" current flow through circuit output node A. 

reference to FIG. 1, there is illustrated a preferred embodi- 35 witn reference now to FIG. 5, there is illustrated a 

ment of a data processing system which can be utilized to pictorial representation of a tree data structure which is 

implement the method and system of the present invention. constructed from the current flow diagram depicted in FIG. 

As illustrated, data processing system 10 comprises system 4, As illustrated, tree data structure 60 is composed of a 

unit 12 and one or more local nodes 14, which include number of tree node 62, which each correspond to a circuit 

personal computer 16, display device 18, keyboard 20, and 40 node of circuit 50, and a number of branches 64 connecting 

mouse 22. As is well known to those skilled in the art, a user tree nodes 62. Each branch 64 linking a parent node and a 

can input data and instructions into personal computer 16 valid child node is labelled with the gate signal of the 

utilizing keyboard 20, mouse 22, or other suitable input transistor that, if active, permits current to flow from the 

device. In addition, a user can retrieve data and instructions parent node to the child node. 

from recordable media such as diskette 26 and CD-ROM 28 45 To construct tree data structure 60, current is traced from 

utilizing diskette drive 24 or CD-ROM drive 27, respec- each output node within circuit 50 to a power node, ground 

tively. The user can then process the data and instructions node, or input node of circuit 50 through each non-redundant 

locally utilizing personal computer 16, or transmit the data current path. Each circuit node reached during the traversal 

from personal computer 16 to system unit 12 or another node of circuit 50 is represented by a tree node 62 within tree data 

14 utilizing well known networking techniques. It is advan- 50 structure 60 that is designated with a tag indicating the 

tageous for a user to send tasks to system unit 12 for occurrence of the circuit node. Thus, the first occurrence of 

execution since system unit 12 can execute tasks in a circuit node B during current tracing inserts tree node Bl 

relatively short period of time compared to personal com- into tree data structure 60, the second occurrence inserts tree 

puter 16. System unit 12 and personal computer 16 output node B2, and so on. As circuit 50 is traversed and descendant 

data to a user via display device 18 or in an output file stored 55 tree nodes 62 corresponding to the neighboring circuit nodes 

within diskette 26 or CD-ROM 28. of a circuit node are inserted into tree data structure 60, tree 

Referring now to FIG. 2, there is depicted a high level nodes corresponding to circuit nodes that have already be 

block diagram of system unit 12, which preferably com- encountered in the current path are discarded as redundant 

prises a multitasking multiprocessor computer, such as the and therefore invalid. Invalid nodes are depicted in FIG. 5 in 

IBM RISC System/6000. As illustrated, system unit 12 60 strikethrough type. As is further illustrated in FIG. 5, ter- 

includes one or more processors 30, which are each capable minal tree nodes, that is, tree nodes 62 that correspond to 

of executing a segment of instructions within one of a power nodes, ground nodes or input nodes (i.e., terminal 

number of concurrent processes. The operating system as circuit nodes) of circuit 50, are circled. Fan tree nodes, that 

well as other instructions and data utilized by system unit 12 is, those with two or more valid descendant terminal tree 

are distributed between a primary memory hierarchy com- 65 nodes, are enclosed in rectangles. 

prising level one (LI) caches 32, level two (L2) caches 34, Utilizing the foregoing rules, tree data structure 60 is 

and main memory 36, and a secondary memory including constructed as follows. Beginning with output circuit node 
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A, a root tree node 62 is added to tree data structure 60 and Thus, for example, a current path from circuit fan node B3 

labelled Al as the first occurrence of circuit node A. The to ground exists if gate signal g8 is active or if both gate 

span of the circuit labelled gl is then traversed to circuit signals g6 and g7 are active. 

node D, for which a corresponding tree node Dl is inserted Finally, an output node equation can be simply written as 

in tree data structure 60. The branch 64 linking tree node Al 5 follows: A=-((gl)Dl+(g2)El), As noted above, the output 

and tree node Dl is labelled gl. Thereafter, descendants of node equation includes a negative sign since current by 

tree node Dl (i.e., tree nodes E2, Gl, and CI) are inserted convention is taken to flow from output circuit node A to 

into tree data structure 60 for each neighboring node of S ro n UI f c } rcuit no f , iU . A . t A t . . 

« ~ , c . j a u • u u Referring now to FIG. 6. there is depicted a gate-level 

circuit node D except for circuit node A, which has a 8 ^ ^ * ^ | M 

corresponding tree node 62 that is an ancestor of tree node 10 can ^ ^totted utilizing the product term, fan node, and 
Dl. Because tree node Gl corresponds to ground circuit t node generated above. As is apparent upon 
node G, a terminal circuit node, current tracing along this mspec tion of logical fault model 70, each of the functional 
path stops and tree node Gl has no descendants. Current tes within ]ogical fault model ?0 corresponds to a logical 
tracing from tree nodes E2 and CI, however, continues until oper ation within the set of fan node equations generated 
no further valid tree nodes exist or a power node, ground 15 from tKe daU structure 60 . Furthermore, it is apparent from 
node or input node of circuit 50 is reached. Returning again logkal faull model ?0 (hat oulput Av/mht active low tf all 
to output node A of circuit 50, the other half of tree data of thc gate signaJs withifl any onc of the product term 
structure 60 is similarly constructed by tracing current from equations are all active. Thus, the fault behavior of circuit 50 
output circuit node A to circuit node E and its descendant can accuratc]y bc mo delled by applying appropriate test 
nodes. After tree data structure 60 has been constructed, 20 patterns t0 tne gate sigaal iDputs of logica i fault mo del 70. 
equations defining the logical fault model of circuit 50 can [t is important to note that the i ogica i fau i t m odel gen- 
then be derived from tree data structure 60. eratfon process hereinbefore described accurately models an 

Utilizing the information contained within tree data struc- integrated circuit regardless of whether or not the integrated 
ture 60, three types of equations defining the logical fault circuit includes precharged gate control or output nodes, 
model of circuit 50 are derived. First, product term equations 25 with reference now to FIGS. 7A and 7B, there are illustrated 
are derived, which define each possible current path from pre-charged and non-precharged configurations, 
output circuit node A to a power node, ground node, or input respectively, of a switch circuit in which input B is con- 
node of circuit 50. A product term equation is formed by nected directly to the source of a MOSFET. As shown below 
logically ANDing the gate control signal associated with m Tables 1 and 2, the circuit configurations illustrated in 
each tree branch between a terminal tree node and root tree 30 FIGS. 7 A and 7B have diverse logical behaviors when gate 
node Al. Accordingly, the product term equations for tree mpu t signal A is logic low due to the difficulty in represent- 
data structure 60 can be expressed as follows: mg a circuit exhibiting three logic states with two-valued 

Gl=(gl)(g9) logic. 

G2«(g2)(g7) 35 

G3=(gl)(g3)(g7) 

G4-(g2)(g6)(g8) 

G5-(g2)(g3)(g9) 

G6-(gl)(g3)(g6)(g8) 4q 

G7-(gl)(g4)(g5)(g8) 

G8-(gl)(g4)(g5)(g6)(g7) 

G9-(g2)(g6)(g5)(g4)(g9) 

G10-(g2)(g3)(g4Xg5)(g8) 

As is apparent from the foregoing product term equations, a 45 
current path to ground exists if both gate signals gl and g9 
are both active. Similarly, a second current path to ground 
exists if gate signals g2 and g7 are both active. Thus, a 
description of all current paths to ground can be described by 

logically ORing all of the product term equations together. 50 

Second, a set of fan node equations can be derived from 

tree data structure 60. As noted above, a fan node of tree data 0UT _ 
structure 60 is one which corresponds to a circuit node 

having a plurality of valid current paths to a power node, The logical fault model for a device having a source or drain 

ground node, or input node of circuit 50. A fan node equation 55 node connected to a primary input is generated in accor- 

therefore logically describes all of the current paths from a dance with Table 1 to ensure that circuits utilizing pre- 

p articular circuit fan node to a terminal circuit node in terms charged nodes in commonly used configurations, such as 

of transistor gate signal states and the logical states of other that illustrated in FIG. 7A, are correctly modelled with 

fan nodes. The fan node equation set described by tree data two- valued logic. 

structure 60 can be expressed as follows: 60 With reference now to FIGS. 8A-8C, there are illustrated 

Dl»(g9)+(g3)E2+(g4Xg5)B3 tnree flowcharts, which together illustrate a preferred 

E2=f 7W 6V 8} embodiment of a method for generating a logical fault model 

m / <n /J^fi\ °f an integrated circuit in accordance with the present 

B3=(g8)+(g6)(g7) invention. The illustrated method is preferably implemented 

El-(g3)D2+(g6)Bl+(g7) 65 as a software program, such as a VLSI design tool, executing 

D2-(g9)+(g4)(g5)(g8) within a data processing system such as that illustrated in 

Bl-(g8)+(g5)(g4Xg9) FIGS. 1 and 2. However, it will be understood that the 
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present invention can alternatively be embodied within a 
computer program product within a computer readable 
media for causing a data processing system to perform the 
illustrated method. 

As illustrated, the process begins at block 100 and then 
proceeds to block 102, which depicts data processing system 
10 reading in a transistor netlist that describes a subcircuit of 
an integrated circuit. As utilized herein, a subcircuit is a 
portion of a larger circuit that has defined primary inputs and 
outputs. Transistor netlists are generally received in a format 
that lists each circuit node within the subcircuit together 
with a list of interconnections between the circuit nodes. The 
process proceeds from block 102 to blocks 104 and 106, 
which illustrate the creation of a netlist data structure 
containing gate, source, and drain connections for each 
transistor within the netlist. Next, the process passes to block 
108, which depicts identifying terminal circuit nodes, that is, 
circuit nodes which are either a power node, ground node, or 
a primary input node of the current subcircuit. The process 
proceeds from block 108 to block 110, which illustrates 
identifying all output and gate control circuit nodes within 
the netlist data structure. A gate control circuit node is a 
circuit node that controls the output of another circuit device 
that is not within the current subcircuit. Next, as depicted at 
block 112, a "top node" queue is created and all output 
circuit nodes identified at block 110 are placed within the top 
node queue. Thereafter, as illustrated at block 114 and 
following blocks, a tree data structure utilized to perform 



Name(string)-name corresponding to circuit node; 
Tag(integer)-occurrence of circuit node within tree data 
structure; 

Path(set)-list of all ancestors between current node and 
5 root node; 

Leaf(boolean)-whether tree node is a leaf node; and 
Children(integer)-number of valid child nodes. 
The process proceeds from block 120 through page con- 
nector A to blocks 130-148 of FIG. 8B, which illustrate a 
10 preferred embodiment of a method for constructing a tree 
data structure like that depicted in FIG. 5. The process 
depicted in FIG. 8B begins at block 130, which illustrates 
removing the next circuit node from the working queue and 
adding a corresponding tree node to the tree data structure. 
15 When block 130 is first executed, the circuit node in the 
working queue that formerly resided in the top node queue 
is removed from the working queue and added to the tree 
data structure as the root node. The process then proceeds to 
block 132, which depicts determining whether the currently 
20 selected circuit node is a gate control circuit node. As 
described above, all gate control circuit nodes are identified 
at block 110 of FIG. 8 A. If a determination is made that the 
current circuit node is not a gate control circuit node, the 
process passes from block 132 to block 136. However, in 
25 response to a determination that the current circuit node is a 
gate control circuit node, the process proceeds to block 134, 
which illustrates adding the gate control circuit node to a 
gate control queue. The process then passes to block 136. 
Block 136 depicts adding a child tree node to the tree data 



current tracing is created for each output circuit node within 3Q structure for each circuit node mat ^ a ne i g hbor of the 



the top node queue. 

Thus, referring to block 114, the next circuit node within 
the top node queue is selected and moved to a working 
queue. The process proceeds from block 114 to block 116, 
which depicts performing feedback elimination by eliminat- 
ing devices from the netlist data structure which have a gate 
connected to the output circuit node in the working queue. 
For example, referring now to FIG. 9, there is depicted an 
illustrative circuit 198 having an output circuit node C, 



current circuit node if the neighboring circuit nodes do not 
have a corresponding tree node that is an ancestor of the 
current tree node. For example, as illustrated in FIG. 5, tree 
nodes E2, Gl, and CI are inserted as children of tree node 
35 Dl, but a tree node corresponding to circuit node A is not 
inserted because root tree node Al is an ancestor of tree node 
Dl. Next, the process proceeds to block 138, which illus- 
trates updating each child node's Name, Tag, and Path 
elements. The process proceeds from block 138 to block 



which is coupled by a feedback path through resistive 40 140, which depicts adding each child tree node's Name and 

PMOS transistor Ql to circuit node B. In accordance with Tag to the end of the working queue. Thereafter, as illus- 

the present invention, the feedback elimination performed at trated at block 142, if another node is within the working 

block 116 of FIG. 8A would remove transistor Ql from the queue, the process returns to block 130. 

subcircuit data structure to eliminate the simple feedback However, in response to a determination that the working 

path extending between output circuit node C and circuit 45 qucue [ s empty, the process proceeds from block 142 to 



node B. Transient feedback paths, however, which exist only 
during particular cycles of a circuit's operation, are not 
eliminated at block 116. Any devices within the circuit 
which are disconnected by the removal of feedback elements 
are also eliminated from the subcircuit data structure 
because such disconnected elements no longer provide a 
valid current path to ground. 

Returning to FIG. 8 A, the process proceeds from block 
116 to block 118, which illustrates identifying all non-MOS 



blocks 144-148, which illustrate eliminating elements from 
within the netlist data structure that are within a feedback 
path connected to a gate control circuit node. At block 144, 
the next circuit node within the gate control queue is 
50 selected. Then, as illustrated at block 146, each device 
coupled to the selected gate control circuit node in a simple 
feedback configuration is eliminated from the netlist data 
structure. Thereafter, as shown at block 148, the process is 
repeated for each gate control circuit node within the gate 



devices within the current subcircuit and either discarding or 55 control queue. Following the gate control circuit node feed- 



replacing the identified elements with equivalent MOS 
devices. An integrated circuit may include devices other 
than transistors, for example, capacitors and resistors, to 
provide noise reduction and signal delay, respectively. 
Because capacitors do not provide a current path to ground, 
capacitors are simply discarded from the netlist data struc- 
ture. Resistors, on the other hand, are replaced within the 
netlist data structure by equivalent MOSFET devices. Fol- 
lowing block 118, the process passes to block 120, which 



back elimination performed at blocks 144-148, the process 
passes to FIG. 8C through page connector B. 

Blocks 160-182 of FIG. 8C depict the generation of fan 
node equations for each fan node within the current tree data 
60 structure. As illustrated, the flowchart depicted in FIG. 8C 
begins at block 160, which illustrates setting a current tree 
node to the root node of the current tree data structure. The 
process then passes to block 162, which illustrates a deter- 
mination of whether or not a child tree node of the current 



illustrates creating an empty tree data structure. Each tree 65 tree node exists. If not, the process passes to block 174, 
node within the tree data structure includes the following which is described below. However, if a current tree node 
elements: has a child, the process proceeds to block 164, which depicts 
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setting the current tree node to the child tree node. Then, as 
depicted at block 166, a determination is made whether or 
not the current tree node is a leaf node, that is, whether the 
number of children of the current node is equal to zero. If 
not, the process returns to block 162, which has been 
described. However, in response to a determination that the 
current tree node is a leaf node, the process passes to block 
168, which illustrates a determination of whether or not the 
leaf node corresponds to a terminal circuit node, that is, a 
ground, power, or primary input circuit node. If not, the 
process passes to block 180, which is described below. 
Referring again to block 168, if a determination is made that 
the leaf node corresponds to a terminal circuit node the 
process passes block 170, which depicts a determination of 
whether or not the leaf node has a parent. If not, the process 
passes to block 181, which is described below. However, in 
response to a determination that the leaf node has a parent, 
the process proceeds to block 172, which illustrates setting 
the current node equal to the parent node and then incre- 
menting the number of children of the current node. The 
process then returns to block 162, which has been described. 
In this manner, the process performs a depth-first search of 
the tree data structure to determine how many children each 
tree node has. Those skilled in the art will appreciate that the 
described search could alternatively be performed in a 
breadth-first manner. 

Referring again to block 162, if a determination is made 
that the current tree node has no more children remaining to 
be processed, the process passes to block 174, which illus- 
trates a determination of whether or not the number of child 
nodes of the current tree node is greater that one. If not, the 
process passes to block 180. However, in response to a 
determination that the number of child nodes of the current 
tree node is greater than one, the process passes from block 
174 to block 176, which illustrates marking the current tree 
node as a fan node. Then, as depicted at block 178, an 
equation is generated for the current tree node. As described 
above with reference to FIG. 5, an equation is generated for 
a fan node by logically ORing each current path from the fan 
node to a terminal node, where each current path to a 
terminal node is expressed as a logical ANDing of the gate 
states of transistors within the path from the fan node to the 
terminal node. The process then passes from either block 
174 or block 178 to block 180, which illustrates a determi- 
nation of whether or not a parent node of the current tree 
node exists. If not, the process passes to block 181. 
However, if a parent node of the current tree node exists, the 
process proceeds to block 182, which illustrates setting the 
current node to the parent tree node. Thereafter, the process 
returns to block 162 in the manner which has been 
described. 

Referring now to block 181, following the derivation of 
fan node equations for the subcircuit, any redundant equa- 
tion terms representing a complementary PMOS tree are 
eliminated by pattern matching. Next, at block 183 an 
equation is derived for the root node of the tree data structure 
that expresses the state of the root node in terms of one or 
more fan node and gate control signal states. A determina- 
tion is then made at block 184 whether more circuit nodes 
reside within the top node queue. If so, the process returns 
to block 114 of FIG. 8A via page connector C for further 
processing of output circuit nodes of the current subcircuit. 
However, if no more output circuit nodes are within the top 
node queue, the process proceeds from block 184 to block 
186, which depicts a determination of whether or not the 
gate control queue is empty. If not, the gate control circuit 
nodes within the gate control queue are copied to the top 
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node queue. The process then returns to block 114 of FIG. 
8A for processing of each gate control circuit node in the 
manner which has been described. 

For example, with reference now to FIG. 10, there is 

5 depicted an exemplary subcircuit 200 having both an output 
circuit node B and a gate control circuit node A. As 
illustrated, circuit 200 includes an inverter 204, comprising 
transistors Q4 and Q5, and a three- input NAND gate 202, 
comprising NMOS transistors Q1N-Q3N and PMOS tran- 

10 sistors Q1P-Q3P configured in a fully complementary 
arrangement. Because no static current (except leakage 
current) flows between NAND gate 202 and inverter 204, 
subcircuit 200 can be naturally subdivided into a first 
partition associated with output circuit node B and a second 

is partition associated with gate control circuit node A. In 
accordance with the method for generating a fault model of 
an integrated circuit illustrated in FIG. 8A-8C, the output 
node equation B=-A is first derived from a tree data struc- 
ture corresponding to inverter 204. Following the derivation 

20 of the equation representing the fault behavior of the first 
subcircuit partition, a determination is made at block 186 of 
FIG. 8C that the gate control queue contains gate control 
circuit node A. Thereafter, the process passes to block 114 of 
FIG. 8Aand following blocks, which depict the construction 

25 of a tree data structure corresponding to NAND gate 202. By 
combining the output node equation with the gate control 
node equation A«-[(gl)(g2)(g3)], which represents the fault 
behavior of the second subcircuit partition, the overall fault 
behavior of the subcircuit illustrated in FIG. 10 can be given 

30 by the equation B=(gl)(g2)(g3). Thus, the method of fault 
model generation depicted in FIG. 8A-8C derives the fault 
behavior of a subcircuit by individually analyzing each 
subcircuit partition. 

Referring again to block 186 of FIG. 8C, if a determina- 

35 tion is made that the gate control queue is empty, indicating 
that tree data structures have been created for all output 
circuit nodes and all gate control circuit nodes, the process 
passes to block 190, which illustrates a determination of 
whether or not more the integrated circuit includes addi- 

40 tional subcircuits that have not been processed. If so, the 
process returns to block 102 of FIG. 8A in order to process 
the remaining subcircuits within the integrated circuit. Once 
all subcircuits within the integrated circuit have been 
processed, the process passes from block 190 to block 192 

45 and terminates. Following the generation of a logical fault 
model for each subcircuit within an integrated circuit in the 
manner which has been described above, each subcircuit can 
be replaced by a "black box" having the logical fault 
behavior of the associated subcircuit. Thus, multiple fault 

50 models may be combined hierarchically to model the fault 
behavior of more complex circuits incorporating multiple 
subcircuits. 

As has been described, the present invention provides an 
improved method and system for modeling the fault behav- 

55 ior of an integrated circuit. Through its use of feedback 
elimination and current tracing with fan node analysis, the 
present invention provides an integrated circuit fault model 
which is both compact and accurate regardless of the exist- 
ence of precharged nodes within the integrated circuit. 

60 In one embodiment, the present invention may be imple- 
mented as a computer program product for use within a data 
processing system such as that illustrated in FIG. 1. Such 
implementation may comprise a series of computer-readable 
instructions either fixed in a tangible medium, such as a 

65 diskette 26, CD-ROM 28, main memory 36, or a hard disk 
42, or within a transmission medium, including those uti- 
lizing both digital and analog transmission techniques. The 
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series of computer-readable instructions can embody all or 
part of the functionality previously described herein. Those 
skilled in the art will appreciate that such computer-readable 
instructions can be written in a number of programming 
languages for use with many computer architectures or 
operating systems. It is contemplated that such a computer 
program product may be distributed as a removable media 
with accompanying printed or electronic documentation, 
preloaded within a data processing system, or distributed 
from a server or electronic bulletin board over a network, 
such as the Internet or World Wide Web. 

While the invention has been particularly shown and 
described with reference to a preferred embodiment, it will 
be understood by those skilled in the art that various changes 
in form and detail may be made therein without departing 
from the spirit and scope of the invention. 

What is claimed is: 

1. A method for modeling the behavior of a circuit, said 
method comprising: 

providing a list of a plurality of transistors within said 
circuit and specifying interconnections between said 20 
plurality of transistors, wherein said step of providing 
a list of a plurality of transistors within said circuit 
includes: 

providing a list of components within said circuit 

including a plurality of transistors and one or more 25 

non-transistor components; and 
a replacing each non-transistor component within said 

list with an equivalent transistor circuit or open 

circuit; 



within a path from said output node to a power node, 
ground node, or input node of said circuit, wherein said 
tree data structure can include multiple descendant tree 
nodes that correspond to a particular circuit node, 
s provided no more than one of said multiple descendant 
tree nodes appear within each path between said root 
tree node and a descendant tree node corresponding to 
a power node, ground node, or input node of said 
circuit. 

io 4. The method for modeling the behavior of a circuit of 
claim 3, wherein each pair of ancestor and descendant tree 
nodes within said tree data structure is logically linked by a 
branch corresponding to a transistor gate signal state of a 
transistor in said circuit connecting circuit nodes corre- 
15 sponding to said pair of ancestor and descendant tree nodes, 
said step of constructing a fan node equation set comprising: 
forming an equation for each fan tree node by traversing 
a subtree of said each fan tree node and logically 
summing logical products of transistor gate signal 
states corresponding to each branch between said each 
fan node and a descendant node corresponding to a 
power node, ground node, or input node of said circuit. 

5. The method for modeling the behavior of a circuit of 
claim 1, and further comprising: 

partitioning said circuit into a plurality of subcircuits; and 
performing said steps of identifying each fan node, con- 
structing a fan node equation set, and constructing an 
output equation for each of said plurality of subcircuits. 

6. A method for modeling the behavior of a circuit having 



identifying each fan node within said circuit, wherein a 30 an output node, said method comprising: 



fan node is a point of interconnection between two or 
more of said plurality of transistors from which a 
plurality of nonredundant current paths to power, 
ground, or an input of said circuit exist; 
constructing a fan node equation set expressing a logical 
state of each fan node of said circuit in response to 
various transistor gate signal states; 
constructing an output node equation that expresses a 
logical state of an output node of said circuit in terms 
of selected fan node logical states and specified tran- 
sistor gate signal states; and 
in response to receipt of a set of states of inputs to said 
circuit, determining a logical state of said output node 
utilizing said fan node equation set and said output 
equation in order to model behavior of said circuit. 

2. The method for modeling the behavior of a circuit of 
claim 1, wherein said step of identifying each fan node 
within said circuit comprises: 

constructing a tree data structure representative of said 
circuit, said tree data structure including a plurality of 
tree nodes which each correspond to a circuit node 
within a nonredundant path from said output node to a 
power node, ground node, or input node of said circuit; 

traversing said tree data structure to identify each tree 
node having a plurality of descendant tree nodes that 
each correspond to a power node, ground node, or input 
node of said circuit; and 

identifying as a fan node each circuit node corresponding 
to said identified tree nodes. 

3. The method for modeling the behavior of a circuit of 
claim 2, wherein said step of constructing a tree data 
structure comprises: 

inserting a root tree node corresponding to said output 
node of said circuit within said tree data structure; and 

inserting one or more descendant tree nodes within said 
tree data structure that each correspond to a circuit node 
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providing a list of a plurality of transistors within said 
circuit and specifying interconnections between said 
plurality of transistors; 

removing transistors from said list that are coupled to said 
output node of said circuit in a feedback configurations; 

identifying each fan node within said circuit, wherein a 
fan node is a point of interconnetion between two or 
more of said plurality of transistors from which a 
plurality of nonredundant current paths to power, 
ground, or an input of said circuit exist; 

constructing a fan node equation set expressing a logical 
state of each fan node of said circuit in response to 
various transistor gate signal states; 

constructing an output node equation that expresses a 
logical state of the output node of said circuit in terms 
of selected fan node logical states and specified tran- 
sistor gate signal states; and 

in response to receipt of a set of states of inputs to said 
circuit, determining a logical state of said output node 
utilizing said fan node equation set and said output 
equation in order to model behavior of said circuit. 

7. A system for modeling the behavior of a circuit, said 
system comprising: 

means for providing a list of a plurality of transistors 
within said circuit and specifying interconnections 
between said plurality of transistors, wherein said 
means for providing a list of a plurality of transistors 
within said circuit includes: 

means for providing list of components within said 
circuit including a plurality of transistors and one or 
more non-transistor components; and 

means for replacing each non-transistor component 
within said list with an equivalent transistor circuit or 
open circuit; 

means for identifying each fan node within said circuit, 
wherein a fan node is a point of interconnection 
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between two or more of said plurality of transistors 
from which a plurality of nonredundant current paths to 
power, ground, or an input of said circuit exist; 

is means for constructing a fan node equation set express- 
ing a logical state of each fan node of said circuit in 
response to various transistor gate signal states; 

is means for constructing an output node equation that 
expresses a is logical slate of an output node of said 
circuit in terms of selected fan node logical states and 
specified transistor gate signal states; and 

means, responsive to receipt of a set of states of inputs to 
said circuit, for determining a logical state of said 
output node utilizing said fan node equation set and 
said output equation in order to model behavior of said 
circuit. 

8. The system for modeling the behavior of a circuit of 
claim 7, wherein said means for identifying each fan node 
within said circuit comprises: 

a tree data structure representative of said circuit stored 
within a memory, said tree data structure including a 
plurality of tree nodes which each correspond to a 
circuit node within a nonredundant path from said a 
output node to a power node, ground node, or input 
node of said circuit; 

means for traversing said tree data structure to identify 
each tree node having a plurality of descendant tree 
nodes that each correspond to a power node, ground 
node, or input node of said circuit; and 

means for identifying as a fan node each circuit node 
corresponding to said identified tree nodes. 

9. The system for modeling the behavior of a circuit of 
claim 8, wherein said tree data structure comprises: 

a root tree node corresponding to said output node of said 
circuit within said tree data structure; and 

one or more descendant tree nodes within said tree data 
structure that each correspond to a circuit node within 
a path from said output node to a power node, ground 
node, or input node of said circuit, wherein said tree 
data structure can include multiple descendant tree 
nodes that correspond to a particular circuit node, 
provided no more than one of said multiple descendant 
tree nodes appear within each path between said root 
tree node and a descendant tree node corresponding to 
a power node, ground node, or input node of said 
circuit. 

10. The system for modeling the behavior of a circuit of 
claim 9, wherein each pair of ancestor and descendant tree 
nodes within said tree data structure is logically linked by a 
branch corresponding to a transistor gate signal state of a 
transistor in said circuit connecting circuit nodes corre- 
sponding to said pair of ancestor and descendant tree nodes, 
said means for constructing a fan node equation set com- 
prising: 

means for forming an equation for each fan tree node by 
traversing a subtree of said each fan tree node and 5S 
logically summing logical products of transistor gate 
signal states corresponding to each branch between said 
each fan node and a descendant node corresponding to 
a power node, ground node, or input node of said 
circuit. 60 

11. The system for modeling the behavior of a circuit of 
claim 7, and further comprising: 

means for partitioning said circuit into a plurality of 

subcircuits; and 
means for identifying each fan node, constructing a fan 65 

node equation set, and constructing an output equation 

for each of said plurality of subcircuits. 
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12. A system for modeling the behavior of a circuit having 
an output node, said system comprising: 

means for providing a list of a plurality of transistors 

within said circuit and specifying interconnections 

between said plurality of transistors; 
means for removing transistors from said list that are 

coupled to said output node of said circuit in a feedback 

configuration; 

means for identifying each fan node within said circuit, 
wherein a fan node is a point of interconnection 
between two or more of said plurality of transistors 
from which a plurality of nonredundant current paths to 
power, ground, or an input of said circuit exist; 

means for constructing a fan node equation set expressing 
a logical state of each fan node of said circuit in 
response to various transistor gate signal states; 

means for constructing an output node equation that 
expresses a logical state of the output node of said 
circuit in terms of selected fan node logical states and 
specified transistor gate signal states; and 

means, responsive to receipt of a set of states of inputs to 
said circuit, for determining a logical state of said 
output node utilizing said fan node equation set and 
said output equation in order to model behavior of said 
circuit. 

13. A computer program product within a computer 
usable media for modeling a behavior of a circuit, said 
computer program product comprising: 

computer readable code for causing a computer to receive 
as an input a fist of a plurality of transistors within said 
circuit and interconnections between said plurality of 
transistors, wherein said computer readable code for 
causing a computer to receive a list of a plurality of 
transistors within said circuit as an input includes: 
computer readable code for causing a computer to 
receive a list of components within said circuit 
including a plurality of transistors and one or more 
non-transistor components; and 
computer readable code for causing a computer to 
replace each non-transistor component within said 
list with an equivalent transistor circuit or open 
circuit; 

computer readable code for causing a computer to identify 
each fan node within said circuit, wherein a fan node is 
a point of interconnection between two or more of said 
plurality of transistors from which a plurality of non- 
redundant current paths to power, ground, or an input 
of said circuit exist; 

is computer readable code for causing a computer to 
construct a fan node equation set expressing a logical 
state of each fan node of said circuit in response to 
various transistor gate signal states; 

computer readable code for causing a computer to con- 
struct an output node equation that expresses a logical 
state of an output node of said circuit in terms of 
selected fan node logical states and specified transistor 
gate signal states; and 

computer readable code for causing a computer to deter- 
mine a logical state of said output node utilizing said 
fan node equation set and said output equation in order 
to model behavior of said circuit in response to receipt 
of a set of states of inputs to said circuit. 

14. The computer program product of claim 13, wherein 
said computer readable code for causing a computer to 
identify each fan node within said circuit comprises: 
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computer readable code for causing a computer to con- 
struct a tree data structure representative of said circuit, 
said tree data structure including a plurality of tree 
nodes which each correspond to a circuit node within a 
nonredundant path from said output node to a power S 
node, ground node, or input node of said circuit; 

computer readable code for causing a computer to 
traverse said tree data structure to identify each tree 
node having a plurality of descendant tree nodes that 
each correspond to a power node, ground node, or input 10 
node of said circuit; and 

computer readable code for causing a computer to identify 
as a fan node each circuit node corresponding to said 
identified tree nodes. 

15. The computer program product of claim 14, wherein 15 
said computer readable code for causing a computer to 
construct a tree data structure comprises: 

computer readable code for causing a computer to insert 
a root tree node corresponding to said output node of 2Q 
said circuit within said tree data structure; and 

computer readable code for causing a computer to insert 
one or more descendant tree nodes within said tree data 
structure that each correspond to a circuit node within 
a path from said output node to a power node, ground 2 s 
node, or input node of said circuit, wherein said tree 
data structure can include multiple descendant tree 
nodes that correspond to a particular circuit node, 
provided no more than one of said multiple descendant 
tree nodes appear within each path between said root 30 
tree node and a descendant tree node corresponding to 
a power node, ground node, or input node of said 
circuit. 

16. The computer program product of claim 15, wherein 
each pair of ancestor and descendant tree nodes within said 35 
tree data structure is logically linked by a branch corre- 
sponding to a transistor gate signal state of a transistor in 
said circuit connecting circuit nodes corresponding to said 
pair of ancestor and descendant tree nodes, said computer 
readable code for causing a computer to construct a fan node 40 
equation set comprising: 

computer readable code for causing a computer to form an 
equation for each fan tree node by traversing a subtree 
of said each fan tree node and logically summing 
logical products of transistor gate signal states corre- 
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sponding to each branch between said each fan node 
and a descendant node corresponding to a power node, 
ground node, or input node of said circuit. 

17. The computer program product of claim 13, and 
further comprising: 

computer readable code for causing a computer to parti- 
tion said circuit into a plurality of subcircuits; and 

computer readable code for causing a computer to identify 
each fan node, construct a fan node equation set, and 
construct an output equation for each of said plurality 
of subcircuits. 

18. A computer program product within a computer 
usable media for modeling a behavior of a circuit having an 
output node, said computer program product comprising: 

computer readable code for causing a computer to receive 
as an input a list of a plurality of transistors within said 
circuit and interconnections between said plurality of 
transistors; 

computer readable code for causing a computer to remove 
transistors from said list that are coupled to said output 
node of said circuit in a feedback configuration; 

computer readable code for causing a computer to identify 
each fan node within said circuit, wherein a fan node is 
a point of interconnection between two or more of said 
plurality of transistors from which a plurality of non- 
redundant current paths to power, ground, or an input 
of said circuit exist; 

computer readable code for causing a computer to con- 
struct a fan node equation set expressing a logical state 
of each fan node of said circuit in response to various 
transistor gate signal states; 

computer readable code for causing a computer to con- 
struct an output node equation that expresses a logical 
state of the output node of said circuit in terms of 
selected fan node logical states and specified transistor 
gate signal states; and 

computer readable code for causing a computer to deter- 
mine a logical state of said output node utilizing said 
fan node equation set and said output equation in order 
to model behavior of said circuit in response to receipt 
of a set of states of inputs to said circuit. 

***** 
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